Mini-Glossary
Funneled energy landscape. A landscape characterized by the fact that the density of states of high energy unfolded/poorly folded conformations is much higher than the density of states of lower-energy states closer in energy and conformation to the native structure. Transition state ensemble. A collection of conformations that lie at the maximum of energy barriers in protein folding energy landscapes. Molten globule. A highly dynamic non-native compact state lacking a considerable fraction of a protein's secondary structure. Spheroplast. Bacterium that has been deprived of the cell wall. Ribosome exit tunnel. A narrow (10 to 20 Å) tunnel in the interior of the ribosome large subunit that nascent proteins need to traverse as they are being synthesized, before reaching the ribosome's surface.
List of Acronyms
RNC, ribosome-bound nascent chain; IDP, intrinsically disordered protein; NMR, nuclear magnetic resonance; cryoEM, cryoelectron microscopy; SNase, Staphylococcal nuclease; apoMb, apomyoglobin; TF, trigger factor; PTC, peptidyl transferase center; FRET, Förster resonance energy transfer.
Principles of in vitro protein folding
Since Christian Anfinsen's pioneering article on the relation between protein sequence and structure in 1954 (1) and his formulation of the thermodynamic hypothesis of protein folding in 1962, thousands of articles have been written on how proteins travel through energy landscapes and reach their native state. The large majority of this body of work considers the in vitro refolding mechanisms of pure proteins, starting from a thermally or chemically denatured state diluted into a buffer at physiologically relevant pH. Most experimental and computational studies have so far been carried out on small single-domain proteins. Multi-domain proteins are still largely unexplored and have started to receive attention only recently.
Over five decades of research on the mechanisms of protein folding in vitro have revealed that there is a wide variability in the way different proteins fold in the test tube (10, 68) . Nonetheless, a few important trends of general significance have emerged. The main concepts are worth a summary here because they can be considered the basis for understanding fundamental aspects and mechanistic differences once proteins are allowed to fold and unfold in the complex cellular environment.
First, protein folding does not proceed via a random search (44) , and protein energy landscapes are highly funneled. The above facts greatly contribute to optimize the efficiency of the conformational search to reach the native state. As a consequence a variety of parallel paths are typically present as proteins fold, each generally comprising formation of a variety of transiently populated species, i.e., kinetic intermediates (some experimentally undetectable) separated by energy barriers in the case of rugged landscapes, or progressively evolving conformations undergoing barrierless diffusion towards the native state. The latter scenario typically applies only to very small (<60 residues) proteins. In experimental studies, singleexponential kinetics is often observed. It is important to keep in mind that single-exponential folding is fully compatible with the concept of parallel folding pathways and it does not necessarily imply a truly 2-state folding, which is rarely observed. Indeed, multiple unfolded or partially folded conformations often interconvert faster than the rate-determining steps, hence they do not give rise to distinct kinetic phases. In addition, computer simulations suggest that kinetic intermediates are usually present, yet they may be poorly populated, hence experimentally undetectable. Several proteins fold via experimentally detectable folding intermediates, which in some cases have been shown to be on-path to the native state.
Second, individual elements of secondary structure may form very fast (12) , as in the case of -helices (typically < 1 s), but are usually not stable in the absence of tertiary contacts. Therefore protein folding is generally not a rigorously hierarchical process, and it is extremely rare that high populations of secondary structure (e.g., helices) fold first, followed by collapse and tertiary structure formation. This idea is schematically illustrated in Figure 1 as the class of paths denoted by dashed gray lines, comprising species of type 1, 2 and 3. Studies on isolated polypeptides representing portions of primary structure of entire proteins show that individual helices and sheets are usually unstructured in the absence of surrounding tertiary contacts (16) . Investigations on the early stages of protein folding showed that only small populations of secondary structure are detectable before chain collapse (exceptions: some members of the engrailed homeodomain family and protein A (10)). Furthermore, protein variants containing destabilized versions of highly intrinsically helical regions of the chain are perfectly foldingcompetent (7) .
Third, the timescale for protein chain collapse is highly variable (ns -s) and sequencedependent (68) . Collapse may be (a) concurrent with most secondary structure formation, as seen in a number of apparently 2-state folders (purple path in Fig. 1 ) giving rise to relatively slow collapse with topology-dependent rates; (b) concurrent with some secondary structure formation followed by slower acquisition of additional secondary structure, as in proteins with detectable folding intermediates such as apomyoglobin (35) (also purple path in Fig. 1 ), or (c) precede most secondary structure formation (black path of Fig. 1 ). The sequence determinants for the above options are not entirely clear yet, and represent an outstanding challenge in in vitro protein folding. On the other hand, there are two apparent emerging trends. (1) Collapse is slower when it occurs concomitantly with secondary structure formation, pointing to the kinetic difficulties in assembling secondary and tertiary structure together. (2) Secondary structure formation starting from a collapsed intermediate is also typically slow, pointing to the kinetic challenges in sampling conformational space from collapsed species (especially in large proteins). The above is true even if these species have significant internal dynamics as, for instance, in the case of molten globules, and may bear a solvated nonpolar core.
Fourth, the starting species of in vitro folding experiments, the so-called unfolded state, is sometimes far from lacking a structure, therefore it is not truly unfolded. Only expanded highly dynamic unfolded state ensembles follow the three criteria outlined above. Unfolded states bearing significant secondary structure and(or) compaction are clearly posed to apply biases to the conformational search, sometimes making it more efficient. The presence of secondary/tertiary structure in proteins under strongly denaturing conditions is particularly interesting in the context of this review, given that the unfolded state populated under physiologically relevant conditions is known to sometimes behave very different from a selfavoiding Gaussian chain (i.e., a random coil).
Fifth, it has been recently realized that a significant fraction (ca. 40% in eukarya) of the proteins expressed in the cell is actually natively unfolded. Representatives of this class are known as intrinsically disordered proteins (IDPs) and lack a well-defined independent structure at physiologically relevant pH and ionic strength. IDPs often fold upon interaction with their biological counterpart. Their folding mechanisms, still poorly explored, are beyond the scope of this work.
Protein folding in the cell
In vitro and in vivo protein folding. Based on the results of pioneering NMR experiments in live cells, the native structure of medium-size proteins in the intracellular environment is believed to be similar to the one populated in vitro in buffered solution. However, folding mechanisms in the cell are bound to be different from in vitro folding (Fig. 2) due to the presence of a different unfolded state (see below), molecular chaperones, the ribosome, a highly crowded medium (200-300 mg/ml total protein concentration), co-factors such as heme, NADH and others, intracellular processes such as posttranslational modifications and quality-control processes such as protein degradation. In addition, some proteins are also subject to translocation in and out of different cell compartments, secretion, and cotranslational insertion into membranes. The latter processes are neglected in this review, which focuses on the folding of cytosolic soluble proteins. The unfolded state. Protein folding and unfolding in the cell can occur either during or after protein biosynthesis, i.e., co-or post-translationally. In both cases, the nature of the unfolded state is poorly understood, yet likely profoundly different from the non-physiological unfolded state ensemble of in vitro experiments. For instance, in the case of ribosome-released full-length proteins, the unfolded state under native-like conditions is known to be much more compact than in the presence of denaturants or at non-physiological pH. The effect of molecular crowding on the unfolded state under native conditions has not been studied yet. Molecular chaperones. Molecular chaperones are key components of the cellular environment in bacteria, eukarya and archaea. Their identity and roles have been reviewed elsewhere (11, 23, 30) . Chaperones are well known to assist protein folding in the cell by preventing protein misfolding and aggregation and possibly also promoting folding. Interestingly, many chaperones in bacteria have overlapping specificities and their roles can sometimes be swapped (25) , except for the bacterial GroEL/ES, whose lack is lethal to the cell.
Folding on the ribosome: what is special about it?
Incomplete protein chains from small single-domain proteins do not have a strong tendency to assume a native-like conformation. The presence of ribosome-bound incomplete protein chains is one of the unique features of cotranslational events. In 1967, i.e., soon after the discovery that the biosynthesis of most proteins is catalyzed by the ribosome and proceeds vectorially from N to C terminus, Phillips formulated the hypothesis that the N-terminal portion of nascent proteins may start folding during translation (57) . Two years later, Taniuchi and coworkers responded showing that cotranslational folding is unlikely for small-/medium-size single-domain proteins (71) because individual purified N-terminal fragments of Staphylococcal nuclease (SNase) of increasing length do not achieve any stable fold until their length closely approaches that of the complete protein. Since then, additional experimental model studies on SNase showed that the C-terminally truncated protein can indeed become compact, yet partially disordered with only some of its secondary structure if very few residues are removed from its C terminus (22) . This finding suggests that the thermodynamic driving force for native-like tertiary structure formation develops during the very latest stages of chain elongation. Analogous studies on chymotrypsin inhibitor 2 (CI2), barnase are in agreement with the above ideas (53) . Computational studies based on the burial of nonpolar surface as a function of chain elongation further support this concept (42, 43) . Incomplete protein chains can be aggregation-prone. Chain elongation model studies on purified model polypeptides from the medium-size (17 KDa) all--helical protein sperm whale apomyoglobin (apoMb) (8) provide additional supports to the idea that the native fold can only be achieved at lengths close to that of the complete primary structure. In addition, this study shows that incomplete N-terminal chains (from 36 to 119 residues, out of the 153-residue fulllength protein), rich in nonpolar residues, exhibit a strong tendency to aggregate and form nonnative -strands. The above misfolding/aggregation progressively decreases in magnitude as chain length approaches the full-length protein. This model system study highlights a unique feature of incomplete protein chains bearing a high nonpolar content: their tendency to aggregate. Aggregation of incomplete nascent chains is not tolerable in the cellular environment. The ability of the ribosome to keep chains maximally segregated during translation was demonstrated by a recent cryoelectron tomography study of E. coli polysomes (5) . Individual ribosome components of the polysome were shown to adopt a staggered or pseudohelical mutual arrangement, with nascent chains maximally spaced and pointing towards the cytosol. This 3D arrangement is naturally posed to minimize self-association of nascent proteins. Another investigation showed that the ribosome's ability to keep chains segregated prevents the aggregation of incomplete chains of the tailspike protein from the Salmonella phage P22 even in the absence of the cotranslationally active trigger factor (TF) chaperone (18) . As soon as ribosome release of the tailspike nascent chains is induced, the incomplete-length chains undergo self-association. The intrinsic ability of the ribosome to prevent the aggregation of luciferase due to the tethering of the nascent chain's C terminus was also shown recently (26) . The ribosome and its exit tunnel provide a unique environment for nascent chain conformational sampling. The tethering of all nascent polypeptides to the ribosome leads to expanding the function of this amazing machine from that of an mRNA decoding center and catalyst for peptide bond formation to an obligatory scaffold, and possibly interaction counterpart, during the cotranslational conformational sampling of nascent polypeptides and proteins.
The last few years have witnessed enormous progress in the elucidation of archaeal and bacterial ribosome's structure, structure-function relations and assembly (58, 62, 70, 78, 83) . The structures of the ribosome's 50S large subunit and the entire ribosome solved at high resolution by X-ray crystallography (2, 29, 65, 81) provide ideal support to all studies of protein folding in and out of the exit tunnel. Figure 3a shows the high resolution three-dimensional structure of the E. coli ribosome, including small (beige) and large (turquoise) subunit and the ribosomal proteins (purple and green). Panels b and c provide cartoon representations of a section of both the bacterial and archaeal ribosomes, respectively, highlighting the ribosomal exit tunnel and the proteins that directly face the tunnel's interior (L4, L22, L24) or are in close proximity to the tunnel (L23 and L29 in bacteria, and L23, L29 and L39e in archaea). Nascent proteins traverse the tunnel from the ribosome active site (i.e., the peptidyl transferase center, PTC, housing the nascent protein C terminus) up until the tunnel's exit (24, 75) . The tunnel is not completely straight and has a bend. Its length spans 80 to 100 Å, depending on where the exit-side end of the tunnel is defined (Fig. 3d) (75) . Cotranslationally active molecular chaperones assist the earliest stages of a protein's life. The identity of cotranslationally active molecular chaperones varies depending on the kingdom of life and specific organism (23) . For instance, in prokarya, the ribosome-associated dragon-shaped chaperone trigger factor (TF) welcomes a large fraction of all nascent proteins emerging from the ribosomal tunnel, due to its high local concentration (79) , and forms an arch above the tunnel (Fig. 3b) . The resulting constrained environment encompasses sufficient space to host the folding of a small protein domain (3, 21) , and serves as a protective shield (31) for nascent chains capable of interacting with it (72) . TF latches onto the ribosome via the L23 and L29 proteins (Fig. 3b) . TF does not exist in eukarya, and it is replaced by a number of other ribosomeassociated chaperones (76) .
The cotranslationally active chaperone DnaK (i.e., bacterial's Hsp70) plays a role complementary to that of TF. The mechanism of action of DnaK and its co-chapeorones DnaJ and GrpE has been reviewed (51). More than one Hsp70 are found in eukarya (23) .
Finally, it is worth mentioning that the ribosome itself may be far more than a spectator in co-and post-translational protein folding. For instance, earlier studies by the Hardesty group showed that E. coli ribosomes promote the folding of denatured rhodanese (41) , prompting the authors to suggest that the ribosome may, among its many other activities, also play the role of a chaperone. Future studies hold promise to shed additional light on this interesting proposal. The kinetics of TF binding/unbinding is coordinated with chain elongation rates and nascent protein folding. The lifetime of TF-ribosome complexes is a lot longer (multiple sec) (48, 60) than the average lifetime of nascent chain-TF complexes (≥ ms) in the absence of the ribosome (49) . However, the latter lifetime can be modulated by the extent of nascent chain interaction with TF, i.e., it can increase significantly with the size of the nascent protein's nonpolar region binding TF and with ribosome-induced proximity. Furthermore, the presence of the ribosome enhances the association rates between the nascent protein chain and TF. Upon measuring the apparent association and dissociation rates of ribosome-nascent chain complexes with fluorescently labeleld TF, Rutkowska et al. were able to propose a kinetic model for the interplay of chaperone binding/release, cotranslational chain elongation and protein folding, as shown in Figure 4 . This interesting scheme shows how a fast association and release of nascent chain to TF (within the ribosomal complex) is compatible with polypeptide chain elongation. However, when the emerged nonpolar region is sufficiently large to slow down release of TF from the nascent chain the TF chaperone may stay bound to the nascent chain even if released from the ribosome. Additional kinetic studies will certainly shed more light on how the above events are coordinated with co-and post-translational folding, so that nascent and newly synthesized proteins have a kinetic (and thermodynamic) opportunity to fold/unfold during translation and upon release from the ribosome. Kinetic considerations on cotranslational protein folding. The best way to study folding at the exit tunnel is undoubtedly to watch the development of nascent protein structure and dynamics "on the fly", concurrently with translation. As shown in the next section, following up on this opportunity is especially desirable for large proteins, given that (a) their translation rates approach their intrinsic folding rates and that (b) it is likely that codon usage and ribosomal pausing (i.e., the specific rates of given portions of translation) are posed to affect the actual mechanism of folding.
Indeed, studying the cotranslational folding of fairly small single-domain proteins would also be extremely useful, if anything to verify that translation rates are slower than conformational sampling on the ribosome. However, no such studies have been done yet, to the best of our knowledge, though there are excellent prospects for progress in this area in the near future.
Cotranslational protein folding studies need to preserve the natural translation rates (so that they can be compared with folding rates) and are therefore best performed in vivo. However, working in an in vivo environment is challenging due to (a) the difficulties in selectively detecting folding in the complex cellular environment, and (b) the inability to synchronize translation given the stochastic nature f the process. Biological approaches pioneered by A. Helenius and F.U. Hartl have solved challenge (a) by monitoring protein activity cotranslationally, and challenge (b) by pulse-chase experiments often performed in bulk spheroplasts.
What a difference translation makes: biosynthesis rates affect the extent of cotranslational folding in multi-domain proteins and can be ad hoc modulated
Protein synthesis proceeds at variable rates in different environments and organisms [see Table 1 in (8)]. For instance, translation rates are faster in vivo than under cell-free conditions. In addition, translation proceeds faster in prokarya (15-20 amino acids/s) than in eukarya (3-4 amino acids/s), leading to an average timescales for the production of a small/medium-size protein of ~10 s and ~ 65 s in prokarya and eukarya, respectively. These fairly long timescales are similar to chaperone binding/unbinding times and longer than the folding/unfolding timescales of small proteins. The above suggests that, in vivo, nascent chains encoding small proteins have sufficient time to adopt preferred conformations as they are synthesized. On the other hand, very large multi-domain proteins lacking rare codon clusters, may not, as large proteins take multiple seconds to fold. Accordingly, the absence (54) or presence (55) of in vivo cotranslational folding in E. coli seems to be highly protein-and codon-dependent. Rare codon clusters (9) , sometimes localized at inter-domain junctions in large proteins, are emerging as important sites for an orchestrated pausing. This pausing is responsible for facilitating cotranslational domain folding before synthesis of the following domain is initiated (82) . A proper balance between translation rates and co-/post-translational folding is important for the production of active ribosome-released multi-domain proteins. For instance, mutant ribosomes displaying slower translation than wild type E. coli ribosomes are able to enhance the production of active multi-domain proteins (of eukaryotic origin) in bacteria (67) .
Preparation and analysis of RNCs for model studies on the conformation of nascent proteins at equilibrium
The highest resolution information on protein folding at the exit tunnel has so far been achieved via studies on purified arrested ribosomes bearing nascent proteins, sometimes labeled with fluorophores or NMR-active tags. These studies implicitly assume that nascent protein chains have the opportunity to conformationally equilibrate faster than the rate of translation. This assumption is likely acceptable in many cases, especially for small proteins. However, in general, caution should be exercised and it is desirable to assess the validity of this approximation in each case.
The most common methods to prepare RNCs for model studies at equilibrium are outlined in Figure 5a . An exhaustive overview of these methodologies is beyond the scope of this review; therefore we simply provide general guidelines here.
RNCs can be prepared via genetic approaches exploiting addition or in situ production of truncated mRNAs. These methodologies have been employed in vitro, either in cell-free systems (e.g., from E. coli, wheat germ or rabbit reticulocyte, Fig. 5b) (37, 69) or via reconstituted systems containing all the necessary components for translation (e.g., PURE, based on prokaryotic components (56, 66) ). Reconstituted in vitro expression systems have recently emerged as a convenient option due to their complete lack of nucleases, proteases, tmRNA and other undesired components.
Alternatively, stalled ribosomes can be generated via protein-based approaches by controlling translation arrest via special gene products, i.e., short amino acid sequences (typically ca. 15-25 residues) that interact strongly with specific portions of the ribosomal tunnel and cause translation to stop (Fig. 5a) . The most popular of these approaches is based on generating very stable RNCs via the 17-residue SecM arrest sequence (19, 59, 61) , as shown in Figure 5c . The SecM approach is particularly convenient when RNCs are generated in vivo, given the affordability of the method and its high yields.
On the other hand, the SecM sequence is by far not the only available method to generate arrested ribosomes by protein-based approaches. Other strategies, based on both intrinsic and inducible classes of ribosome-stalling sequences (e.g., MifM, TnaC and the Arg attenuator peptide) have been reviewed recently (34) (Fig. 5a) .
Generation of RNCs at equilibrium has allowed analysis of the structure and dynamics of nascent proteins at a level of detail presently unattainable by in vivo studies. This analysis has allowed addressing several questions regarding the stepwise generation of 3-dimensional protein structures in Nature. Figure 6 provides a global overview of the RNC structural and dynamic aspects that have been addressed so far. This figure also links these specific folding-related aspects to the technique used to gain the desired information. As shown in Figure 6 , a large variety of spectroscopy-/microscopy-based and biological techniques has been used synergistically. Perhaps even more importantly, the diagram shows that the same structural/dynamic question can often be addressed by both biological and spectroscopy/microscopy biophysical approaches. This synergism has been particularly valuable in the field of RNC folding, given the very challenging features of RNC for direct biophysical analysis (e.g., large internal dynamics, conformational heterogeneity, large size of the RNC complexes). Despite the potential of the biophysical methods for higher resolution insights, biological approaches taking advantage of properties such as protein activity and antibody response have often proven to be efficient and highly informative.
Model studies on nascent polypeptides inside the ribosomal tunnel
The ribosome exit tunnel (Fig. 3d) has a width that ranges from 10 Å (constriction site) to 20 Å (widest region). These dimensions are incompatible with tertiary structure formation within the tunnel's interior. Major tunnel dynamics, presumably accompanied by extensive ribosome rearrangements, would be required for the tunnel to be able to host even a simple tertiary fold such as a helical hairpin. Therefore, while it is recognized that the ribosome is a dynamic entity, it is likely that no tertiary structure, and only secondary structure, can be populated in nascent chains inside the ribosomal tunnel (75) . This argument is supported by the finding of a highly spatially confined environment inside the tunnel, revealed by recent investigations showing that the N terminus of nascent polypeptides buried in the tunnel experiences narrow local motions (15).
Let's now consider the tunnel length. Its lower limit is 80 Å, as proposed by Voss (75) for the archaeal ribosome. Given this value, a fully -helical polypeptide would bury ca. 53 residues (assuming an effective length of 1.5 Å/residue for the  -helix), and a fully extended polypeptide would bury ca. 23 (assuming an effective length of 3.5 Å/residue for an extended chain). These geometrical considerations prompt the question of whether any specific secondary structure is supported by the tunnel. Pioneering experiments by Malkin and Rich in 1967 (50) showed, by pulse-chase followed by proteolysis, that ca. 30-35 residues of nascent globin are protected from proteolysis in eukaryotic polysomes, implying that those residues are buried inside the ribosomal exit tunnel. These results are consistent with later investigations (reviewed by Hardesty (28) ) showing that there are 30 to 40 protected residues. The above supports the presence of a partially helical conformation inside the tunnel. Computational studies by Ziv et al. (84) showed that a helical conformation can be entropically favored in a cylinder that models the ribosomal tunnel's dimensions. This result suggests that even a Teflon-like non-interacting tunnel (2) may be capable of inducing helical structure, especially in the case of nascent polypeptides whose coil state is highly disordered. Some recent high resolution experiments shed additional light on this matter.
FRET investigations on peptide sequences from soluble secretory proteins and a membrane protein showed that the former is less helical than the latter, inside the eukaryotic tunnel (36) . As the polypeptide chain elongates, helices can persist beyond the tunnel if they are stable in that environment. For instance, a peptide sequence from an integral membrane protein stays helical outside the tunnel as it gets inserted into the membrane. However, the same sequence loses its helicity if the ribosomal surface faces bulk solution and is not membrane-bound. Moreover, peptide sequences from soluble proteins have negligible helicity both inside and outside of the tunnel.
In summary, the ribosomal tunnel is capable of inducing helicity in nascent polypeptides, and this phenomenon is highly sequence-dependent.
Additional investigations from Deutsch and coworkers support the above conclusion by exploiting ingenuous accessibility assays, which enabled the detection of distinct tunnel zones characterized by different (highly negative) electrostatic potential (45) (46) (47) . The authors also showed that some of these tunnel regions promote polypeptide chain compaction, suggestive of helix formation (39, 73, 74) .
Recent cryoelectron microscopy (cryoEM) work by Beckman and coworkers provides the highest resolution insights on nascent secondary structure within the exit tunnel, to date. As shown in Figure 7 , the authors were able to detect helical structure in distinct regions of the tunnel, for sequences with high helical propensity (4). However, sequences with lower intrinsic helical propensity are disordered (4, 64) . This work effectively complements and supports the findings by Johnson and Deutsch.
Whether the secondary structure formation in distinct regions of the tunnel results from specific polypeptide-tunnel interactions or whether it is driven (or at least contributed by) by entropic effects is still unclear and in need of further investigation. In the specific case of the SecM and TnaC ribosome-stalling sequences, convincing evidence for tunnel-polypeptide interactions was presented (64, 80) .
Model studies on nascent proteins emerging out of the ribosomal tunnel
Our understanding of polypeptide conformation and dynamics as nascent proteins emerge out of the ribosomal tunnel is not as advanced as our knowledge on nascent peptide structure inside the tunnel. The many experimental challenges presented by out-of-tunnel RNCs include the high conformational heterogeneity of the nascent chain and the variable effects introduced by cotranslationally active chaperones. Nevertheless, considerable progress has been made, and recent technical advances hold promise for additional exciting future progress. Comprehensive reviews of earlier work are available (17, 20, 40) . Here, we focus on recent findings. In short, several examples of independent nascent structure and dynamics were discovered in RNCs emerging out of the tunnel, defying the earlier proposal (71) that proteins acquire an independent conformation only after departing prom the ribosome.
Investigations by Deuerling and Bukau based on chemical cross-linking (52) showed that nascent proteins with a significant nonpolar content emerging out the tunnel have a tendency to interact with the TF chaperone via its elongated binding surface (Fig. 8) . It is plausible that, while interacting with TF, the nascent protein also binds/unbinds TF (and possibly) other chaperones as it gets elongated, therefore maintaining its ability to sample conformational space while transiently non-TF-bound.
CryoEM images of polypeptides emerging out of the ribosome tunnel (27, 52) provided somewhat moderate structural detail. On the other hand, these studies were important to establish the possibility of tertiary structure formation outside the exit tunnel, in small single-domain proteins. Additional evidence on 3D structure development comes from nascent chains from the ion channels, where tertiary structure was detected close to the ribosomal tunnel exit, via accessibility experiments based on side chain pegylation (38, 39) .
Analysis of fluorescence depolarization decays of RNCs and ribosome-released fluorophorelabeled apomyoglobin (apoMb) in the frequency domain (77) enabled Ellis et al. (14) to study the dynamics of nascent apoMb's N terminus (~sub-ns) and follow the formation of independent protein domains (~ns), as shown in Figure 9a ,b. ApoMb RNCs acquire independent dynamics, indicative of compact or semi-compact species, only when a significant portion of the sequence emerges out of the ribosomal tunnel. The rotational correlation time reporting on the protein's ns local motions increases significantly upon release from the ribosome, showing that the structure of the full-length RNC differs from that of the ribosome-released native apoMb. RNCs encoding the natively unfolded protein PIR experience no motions on the ns timescale, suggesting that PIR does not fold on the ribosome. The spatial amplitude of the nascent chain local motions are very narrow inside and, surprisingly, even outside the ribosomal tunnel (Fig. 9c,d) (15) . This is true even when RNCs are depleted of bound chaperones (trigger factor and Hsp70). This result suggests that both the tunnel and outer surface of the ribosome exert a severe local confinement on nascent apoMb and PIR.
The limits of NMR spectroscopy have been pushed by recent studies on RNCs at atomic resolution (6, 13, 32, 33) , which revealed that nascent single-domain proteins are not fully structured before they have entirely emerged out of the ribosomal tunnel, consistent with the expectation that the C-terminal portion of the chain plays an important role in folding (42, 43) .
Taken together, the above findings suggest that relatively small full-length single-domain nascent proteins may adopt compact conformations outside of the ribosomal tunnel. However, the nascent chains whose buried C-terminal residues are not available for folding may retain a considerable degree of disorder. Additional future studies are needed to provide more extensive evidence for these emerging trends.
The influence of the ribosome on protein folding is particularly striking for very large proteins unable to fold in vitro either in the absence or presence of molecular chaperones. For such systems (e.g., the trimeric phage P22 tailspike protein), cotranslational folding is an irreplaceable requirement to attain the folded state and exploit biological activity (18) . This important concept is illustrated pictorially in Figure 10 . 
